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10 years of TGFs
with GBM

« Snapshot of TGFs -
What are they?

« How has our picture
developed since GBM?

« What does the future
hold?
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Terrestrial Gamma-ray Flash (TGF)

7 7 50 — |
Cheat Sheet | TGF 081001 - 1600
_ 401 L 1405
=} s}
» Serendipitously discovered by BATSE on < 304 [ 1208
CGRO in 1991. N - 100F
(% < 809
. £ 20+ o
* Sub-ms pulses (Typically ~ 200 ps). S - 608
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L 40~
+ Energy spectrum extends over tens of 107 ol
MeV. 0 _ha ﬂnlmnn‘nnrnlﬂ | . P P I
. . . -14.0 -13.5 -13.0 -12.5 -12.0
« Continuum spectrum, sometimes with a Time (ms)
511 keV annihilation (e-p) line (ground). , , . N
iy : : : 120 T F30 Mev ()
« Initially believed to occur with Sprites at ] %‘y’é TGF 081001 ° o
an altitude of ~ 90 km until 2005, later _ 1007 ° % o Moy 2
found to occur < 20 km. % 80 % )
» Widely believed to be produced during Og 60 50 s ey )
. : 5 | 3 Me
+IC lightning as bremfBtrahlung from the g w0l o ;
acceleration of high-energy seed electrons 17 § ey §
in the electric fields of thunderstorms. 207 x ° =2
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Time (ms) %
o«
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Proposed Brem[Btrahlung Initiation Mechanisms

¢ Relativistic Runaway .y ¢
Electron Avalanche ‘
(RREA)
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Proposed BremBtrahlung Initiation Mechanisms

e Relativistic Runaway

Electron Avalanche
(RREA)

e Cosmic-ray seed particle or
radio-active isotope decay.

e Relativistic Feedback Chage myers e-\f -
Discharge (RFD) :
e Adds Feedback: Positrons and
back-scattered photons from A A

avalanche propagate back to 1 e ) Ectonsiws oo -
the source region. N FTRS

b

Much of energy
goes into ejecting

Sci. Amer. 292, 64, 2005
Gurevich, Phys. Letts. A., 165, 463, 1992.
Dwyer, Geo. Phys. Res., 30, 20, 2055, 2003. e ; e r—

T T
10! 10 10° 10* 10° 108
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T
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5 = 200
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Proposed BremBtrahlung Initiation Mechanisms

o Lightning Leader Model

e Lightning leader can also
produce a distribution of
seed particles.

e Space leader fuses to -ve
leader, electric potential
transferred to space leader
In an ionising wave.

e |onisation channels of
streamers limit the lateral
expansion of the wave,
enhancing the peak electric

field.

Dwyer 2008, JGR 113, D10103
Celestin & Pasko 2011, JGR 116, A03315
Babich et al., JGR, 120, 6, 5087-5100, 2015

E 5
Lightning ™. Lightning
leader N leader
@ U, streamer corona
. F —
) D C (+ =1 D
-~ t o+ =

main leader channel space leader

e

formation of new leader step

ionization wave

) —

new leader step old ionized channel
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Image: NASA
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. 550
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Image: NASA

Fermi Gamma-ray
Space Telescope

Launched in 2008

Orbit: 565 km (LEO)
Inclination: 25.6 deg.

a-ra

g | Large Area Telescope (LAT)

‘Sodlum al)
detecto

e Pair Production Telescope
e 20 MeV - 300 GeV.

Gamma-ray Burst Monitor (GBM)
e 12x Nal:Tl: 12.7 x 1.27 cm.

e 2x BGO:12.7 x12.7 cm.
e Energy Range: 8 keV - 40 MeV.

©th International Fermi Symposiom
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The GBM

 Triggers in-orbit down to 16 ms for
TGFs.

« These 16 ms algorithms include:
 Two Nals, > 300 keV

* Two Nals, > 100 keV
« Two Nals and one BGO

« Two BGOs

« Also found offline in TTE data
(2 ps resolution) and screened by
advocates and the LAT for glitches,
cosmic rays, etc.

@th International Fermi Symposium

October 14-19, 2018



GBM-TGF Group

How has GBM helped our understanding of TGFs?

Major Contributions to the field include:

Geophysical Research Letters

L] 201 O: CO nnau g htO n et a | . J G R 1 1 5, A1 2 :I":Z::::::::itrj;':;::;s from terrestrial lightning observed with
1/3 VLF association rate, ~40 pus TGF-VLF radio offset. ermesM
e 2011: Brigg s et al. GRL,38,.02808 R Marc Kippeh, P N.Sht, Wil . Paieas, vandher L Chapl, - See aauners -
Discovery of positrons in Electron Beams with GBM. CHARACTERISTICS OF
e 2013: Briggs et al. JGR,118, 6 THUNDERSTORMS THAT
Rates, TTE, 15t unofficial catalog. PECKSH(A:\EREEYRELEAS\-SFIF—{ILAS\L
CO nnau g hto n et a I : J G R 1 1 8’ 231 3_2320 &Y THEMISTOKLIS CHRONIS, MICHAEL S. BRIGGS, GEORGE PRIETIS, VALERIE CONNAUGHTON, JAMES BRUNDELL,
TGFs emit radio, 200 ps simu, VLF match rate. R T emcnne, S o, et B G Fremmon o P S
e 2014: Fitzpatrick et al. PRD 90(4),043,008
MC simulations of RREA, rules out basic RREA. . P Over
Foley et al. JGR 119, 7, 5931-5942
Pulse properties — asymmetry, electron flux estimates. Yol Conmgion, M . g Staoin Xing, Joog . D
e 2016: Chronis et al. BAMS, D-14, 00239 e
Meteorological paper - any storm can create a TGF. : nd Collen Wikson Hodee
e 2017: Roberts et al. JGR, 2017JA024837 SpacePhysics
Tropical Storm TGFs. i |
e 2018: Mailyan et al. JGR 123, 7, 2018JA025450 vseationsand anass methods

TGFs with NLDN. 4/5 TGFs peak current < 50 kA.
Stanbro et al. JGR, 10.1029/2018JA025710

Multi-pulsed TGFs (consecutive). Recharge time.

Terrestrial gamma ray flashes due to particle acceleration
in tropical storm systems

0.)J. Roberts'"”', G. Fitzpatrick'2, G. Priftis*"', K. Bedka*'"', T. Chronis?, S. McBreen''"/,
M.S. Briggs?, E. Cramer?'"/, B. Mailyan?'"’, and M. Stanbro?

.... And many many more through extensive collaboration!

©@th International Fermi Symposium

October 14-19, 2018
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RESEARCH ARTICLE

10.1029/2017JA024837

Key Points:

« This catalog contains the largest
released samples of TGFs and
associated radio data

« This study shows quantitatively that
TGFs preferentially occur over land
near coastlines

« A Bayesian block algorithm was used
to extract the spectral and temporal
properties of each TGF

now).

WWLLN sferic.

method upgrades.

TGFs.

4144 TGFs from 8 years of GBM data (>5000

~1/3 of these (>1600 now) have associated

TGF Rate steadily increasing, due to detection

Primary purpose of paper is to describe public
data on FSSC and analyse largest sample of

The First Fermi-GBM Terrestrial Gamma Ray Flash Catalog

0. ). Roberts'2'", G. Fitzpatrick'3, M. Stanbro® *',S. McBreen'" "', M. S. Briggs®*,
R. H. Holzworth®'=', J. E. Grove®, A. Chekhtman’, E.S. Cramer®'", and B. G. Mailyan332

1School of Physics, University College Dublin, Dublin 4, Ireland, 2Marshall Space Flight Center, National Space Science and
Technology Center, Universities Space Research Association, Huntsville, AL, USA, 3Center for Space Plasma and Aeronomic
Research, University of Alabama in Huntsville, AL, USA, *Department of Space Science, University of Alabama in
Huntsville, Huntsville, USA, >Earth and Space Sciences, University of Washington, Seattle, WA, USA, 6Space Science
Division, Naval Research Laboratory, Washington, DC, USA, 7 College of Science, George Mason University, Fairfax, VA, USA,
8Department of Physics and Space Sciences, Florida Institute of Technology, Melbourne, FL, USA
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Correlations with VLF

Lightning
« Without a VLF correlation, source location
of GBM TGF limited to 800 km area
centered on the nadir.

* VLF correlation using ENTLN or WWLLN
gives true source location to within 20 km.

« Uneven detection efficiencies between the
ENTLN and WW.LLN.

« WW.LLN biased to short duration TGFs
(Connaughton, 2013).

* Can use correlations to probe the storms
that produce TGFs in great detail.

r T T T T T d
0.065 0.070 0.075 0.080 0.085 0.090 0.095

Ostgaard et al. 2013, GRL 40(10), 2423

30 ms window
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Temporal/Geographical Variation

DJF 2012-2015

TR WG Ren &
v L

° r

5°N * %w\ '} % 3

5°S

25°N

15°N

5°N
5°S

15°S

8] 15°S
25°S

25°S

180° 135°W 90°W 45°wW 0° 45°E

JJA 2013-2014

25°N

L 25°N

15°N 4 - 15°N
[o
5°N ' 5°N
5°S : | 5°5
15°S ;g- . 7 15°S
25°S . 25°5
180° 135°W ° ° ° 45°E

Figure 12. Top: Three years of TGF data from the months of December, January and February (DJF).
Bottom: Two years of TGF data from the months of June, July and August (JJA). Both Plots: Blue mark-

ers are TGFs without a VLF association, yellow markers denote TGFs with a VLF association. The SAA
region (grey shaded region) and inclination of Fermi are also shown. On average, about 30 to 50 TGFs are de-
tected by GBM during December, January and February (DJF) and 70 to 100 during the northern hemisphere
summer months of June, July and August (JIA).
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Temporal/Geographical Variation

30.
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o

-30.
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30.

Latitude
o
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80. L

TGF source locations < 200 km

of coastline.

o
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N
i
"

Number of TGFs per 10 km offset

N
°

Land

0. 50.

Offset from coast (km): Ocean = Blue, Land = Green

100.

150.

200.

0.8 4

0.6 4

0.4 4

0.2 4

TGFs per 10 km offset, normalized by observation time

0.0

0. 50.

Offset from coast (km): Ocean = Blue, Land = Green

100.

150.

200.

As above, but each bin normalized to time Fermi spends at
offset from coastline and over sea/land. Accumulated using

Fermi’'s 2015 orbit.
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250 : :
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Bayesian Block Analysis

i .
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6 T T T .
: | Mean = -0.036 ms £
' 77 FWHM = 0.168 ms 5
5r , X g Mean = —9.09
i i < 0.015¢ o =33.74
ol i |
S 1 1
g_ 1 1
thJ 3 : : 0.010}
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' ! 0.005}
1 1
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1 1
1
1
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*  WWLLN times of group arrival minus the + Difference between peak
center times of the TGF discovery bins discovery bin time and BB
after accounting for light travel time. oeak time. — Good agreement

i o0l o * Delay between soft ( <300 keV) and hard (>300
keV) photons per TGF. Mean delay of 27 ps.
0.0081 » Grefenstette, 2008: 28+/- 3 us.
0.00a » Fitzpatrick, 2014: 24 ys (-20 — 80 ps range).
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The Future is Bright!
TGF Ground Studies:

« Focus shifting toward neutron
detection and more into the photo-
nuclear reactions in the atmosphere.

« More TGFs are being observed from
the ground at altitudes below 2 km.

Annihilation signal
-

Counts s™

r  Annihilation signal
F «—>

Il Il 1 1 1 [l 1
0 50 100 150 0 50 100 150
Time (s) Time (s)

100 Counts s™ MeV”'

photonuclear positron
reaction emitting cloud

/

13N
‘ diffused ( 160
/ ® | neutrons i
@ (@)

of

(@]

) > ]
downward TGF o
gamma rays

detector

2 D Fiure 6 Upnrd izhnin s Fom the wind i -

19 A\’“’JJ\’
a photonuclear moderation | |neutron capture| N

reaction . A
d

e-excitation
@ @) gamma rays

gamma rays fast epithermal

(>10 MeV) neutron neutron .
- @ 4C

O neutrino

14N 511 keV
atmosphere % photons
()
- ; 13N 13C
lightning i
unstable stable positron Vbza

| beta-plus decay |

Enoto et al. 2017, Nature, 24630
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The Future is Bright!
TGF Space-based Studies:

ASIM:

« The ASIM MXGS instrument carries two set of detectors for
TGFs; 15 keV to 400 keV and 200 keV to 40 MeV. The low
energy detector has 128x128 channels with a high mass
density coded mask - Direction to the TGF source.

« Correlation with other instruments (optical imaging by the
MMIA instrument, lightning and TLEs).

GLM (GOES-16):

Geostationary Lightning Mapper is a single-channel, near-
infrared optical transient detector that can detect the
momentary changes in an optical scene, indicating the presence
of lightning. GLM measures total lightning (in-cloud, cloud-to-
cloud and cloud-to-ground) activity continuously over the
Americas and adjacent ocean regions with near-uniform spatial
resolution of approximately 10 km.

+Staring CCD imager (1372x1300 pixels)

*Near uniform spatial resolution 8 km nadir, 14 km edge fov
«Coverage up to 52 deg N lat

+0-90% flash detection day and night

| Exis

//

~ SOLAR Pointing
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What's next for GBM?

« GBM has the largest collection of TGFs
detected (+5000).

« Of these 5000+ TGFs, through extensive
collaboration with world-wide lightning
networks, GBM has helped create the
largest database of TGFs emanating from
storms to an accuracy of 10-20 km — The
size of a storm.

* Only joint TGF+TEB detection.

* Due to the large sample of TGFs GBM has
collected (and continues to collect), the
instrument is a valuable player in the field,
where many groups use the free public
data.

@th International Fermi Symposium
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What next for GBM?

« Looking forward. GBM's involvement in TGF
science continues to be strong and evolve with
the fast pace of the field.

«  With the launch of GLM, GBM will undoubtedly
help in determining when the TGF occurs during
the lightning process with higher certainty —

correlations with optical flash (GLM) and radio
sferic WWLLN) - Complete EM picture.

This will help narrow existing
initiation mechanism models!

» Future projects involving multiple radiation
detection to look in—detail at the photo-nuclear
reactions that occur in the sky.
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e Like | 3\ Follow | 4 share | .. Tropical § ndrea
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@« NASA - National Aeronautics and Space Administration

o Apri at 1042 @
(Gamma-ray bursts on Earth? About a thousand times a day,
thunderstorms fire off fleeting bursts of some of the highest-energy light
naturally . These events, called
flashes last less than a millisecond and produce gamma rays with tens of

i milions of times the energy of visible light. Learn mre:
NASA - National ~ n o
Aeronautics and

Space
Administration @
@NASA
Home
About
Posts
Videos
Photos
Likes. p—
Internships e like @8 Comment 4 Share
= O%0 12 Top comments*
2596 shares.
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SCIENCE NEWS

Scientists study terrestrial gamma-ray
flashes produced by tropical storms
As tropical systems grow in size and strength, their clouds are pushed higher

into the atmosphere where intense electrical fields can develop, yielding

terrestrial gamma-ray flashes

Brooks Hays f 8

April 24 (UPI) - For the first time, researchers have analyzed terrestrial
gamma-ray flashes produced by tropical storms. Terrestrial gamma-ray
flashes, or TGFs, are one of most intense forms of light naturally produced on
Earth,

Since 2008, NASA's Fermi Gamma-ray Space Telescope has recorded more
than 4,000 TGFs, each of which last less than a millisecond and produce
several million times the energy of natural light. Until now, scientists hadn't
studied flashes produced by tropical storms, hurricanes or typhoons.

fa

Nov. 1, 2011 2:56:11 U
Winter storm
wind-shear-b d instak

oo+ 20 207

Fermi catches gamma-ray flashes from tropical storms
Hurricanes Have Something s

In Common With Black Holes
- They Produce Gamma Rays

'E Marshal Shapherd

Atmospheric scientists like me are closely monitoring the tropies at
this time of year. Tropical Storm Cindy in the Gulf of Mexico is
producing tremendous rainfall totals and tornado threats that
remind us of the many things that a hu

ne can produce. However,

did you know that hurricanes can produce one of nature's more

energetic phenomena, gamma rays? A new study explains how and

hints at some possible value for improving hurric

ntensity

forecasts,

450 s (705 k) fom s o' carer (gl botom crter of h 1 age). Th Vodort - more =
outa " somaof the
found on Earth. These events, caled
millons of visble liht. Since s launch in 2008, NASA's
Fe £ TGFs, ng to better

the fe cyce of storms.

Now, for the firs e, a team of NASA scientisis has analyzed dozens of
TGFs launched by the largest and strongest weather systems on the
ichie planet: tropical storms, hurrcanes and typhoons. A paper describing the
research 16in the
Atmospheres.

for producing TGFs," said Oliver Roberts, who led the study at the

 reland, and
Flight Conter in Huntsvile, Alabama. "We found a fow TGFs were mao in
of major
ceners,
Several TGFs ina day.”
TeF Under cortain
conditons, these “avalanche” o
oflight. Wen pastair molecules, This

change causes the electrons to emit gamm rays.

A TGF from Tropical Storm Julio

10 already?



e -



GBM-TGF Group

Relativistic Runaway Electron Avalanches (RREAS)
Gurevich et al. (1992)

Gamma-rays

The avalanche length, A, is the e-folding length.

1000F— LN LA BN BEL L AL BN NN AL B
E + Lehtinen etal., 1999
—— Inan and Lehtinen, 2005
<> Dwyer 2003; Coleman and Dwyer, 2006
—— Coleman and Dwyer, 2006
—_ A Babich et al., 2004
3 100 — Babich et al., 2004
< C [0 Roussel-Dupre et al., 2008 ]
g) —— Milikh and Roussel-Dupre, 2010
k) X (Moller) Celestin and Pasko, 2011
) X  Celestin and Pasko, 2011
~ —
O T,
&
© 10
> C
(U -------------
| i ’
T e e e ju’l High_energy
0 500 1000 1500 2000 2500 3000 " Runaway
(

E (kV/m) Electrons

From Dwyer etal. (2012) e W oo
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Relativistic feedback
discharge (RFD)
aka “Dark Lightning”

due to x-rays and
positrons.

The central avalanche is due to
the injection of a single, 1 MeV
seed electron. All the other
avalanches are produced by x-
ray and positron feedback. The
top panel is for times, t <0.5
us. The middle panel is for

t <2 us, and the bottom panel
is for t < 10 us.

Z (m)

-300 —2(I)O -1 (.)0 0 160 2(IJO 300
From Dwyer (2007) X (m)
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Stmulation results showing a RFD 1nside a
thundercloud, including Earth’s magnetic field

Initial Electric Field Electric Field lons
15

Runaway Electrons Runaway Positrons

15 15 15

14 14 14 14

13 13 13 13
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12 12 12 12
1 1 11 11
10 10 10 10
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x (km) x (km) x (km) x (km) x (km)
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GBM-TGF Group

« 37 TGFs found using

WWLLN and ENTLN
VLF associations.

TGFs come
predominately from
strengthening phase
of storm.

Oceanic lightning
may be prolific TGF
producer.

http://onlinelibrary.wiley.com/do1/

10.1002/2016JD025799/epdf

QAGUPUBLI

ATION

Journal of Geophysical Research: Atmospheres

RESEARCH ARTICLE
10.1002/2016JD025799

Key Points:

« TGF production appears to closely
follow when/where lightning occurs
in tropical storm systems

« Characteristics of TGFs from tropical
storm systems appear similar to those
produced by other storms

« TGF/sferic ratios may imply a high
efficiency of TGF generation from
lightning in some storms

Terrestrial gamma ray flashes due to particle acceleration
in tropical storm systems

0.J. Roberts'"", G. Fitzpatrick'?, G. Priftis>" "', K. Bedka* ', T. Chronis®, S. McBreen'" "/,
M.S. Briggs?, E. Cramer?'"', B. Mailyan?'"/, and M. Stanbro?

1School of Physics, University College Dublin, Belfield, Ireland, 2CSPAR, University of Alabama in Huntsville, Huntsville,
Alabama, USA, 3ESSC, University of Alabama in Huntsville, Huntsville, Alabama, USA, #NASA Langley Research Center,
Hampton, Virginia, USA
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GBM-TGF Group

TGF is ~600 km from land & ~800 km from
storm-center.

16, 88 sferics within 100 km and 1000 km, all
within +/- 600 s.

4 pulses over 4 ms. First pulse had a sferic
association, unlike observations by Mezentsev et
al., 2016
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GBM-TGF Group

WWLLN Detection Efficiency

H. lwasaki, Int. J. Climatol. 35: 4337-4347 (2015), DOI: 10.1002/joc.4291
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GBM-TGF Group

ENTLN Detection Efficiency

2014, Time window = 10 micro sec, Space window < 30km

Longitude
0 10 20 30 40 8D BO 70 80 50 100
Relative Dectection Efficientcy - VWWYLLN as source (%)

V. Bui et al., IEEE 2015 CSClI, 386-391,(2015), doi:10.1109/CSCI.2015.120.
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GBM-TGF Group -

Terrestrial Electron Beams (TEBs)

through the atmosphere. {i’h;?""‘mﬂ Rays
. They exhibit a strong 511 keV spectral line, due to electron-positron annihilation. 22 AR ‘ / ,
. A strong asymmetry between the signals in the BGO detectors, due to the softer spec- '
tra of TEBs.
. A mirror pulse visible in the lightcurve due to magnetic mirroring at the conjugate
point of the Earth’s magnetic field line.
. A lack of lightning activity at the spacecraft nadir, while showing lightning activity at
the magnetic footprints.

. They are typically longer than TGFs (>1 ms) due to the dispersion as they propagate : NN L) /’

Fermi GBM positron event
Dec. 14, 2009, 11:53 UT

TGF 091214

Counts

T T T
0 10 20
Time (milliseconds)




GBM-TGF Group
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